Magnetohydrodynamic (MHD) nanofluid flow considered to be steady, incompressible and electrically conducting, flows through permeable plates in the presence of convective heating, models as a system of nonlinear partial differential equations which are solved analytically by the Differential Transform Method (DTM). Copper, aluminum oxide and titanium dioxide nanoparticles are considered with Carboxyl Methyl Cellulose (CMC)-water as the base fluid. Variation of the effects of pertinent parameters on fluid velocity and temperature is analyzed parametrically. Verification between analytical (DTM) and numerical (fourth-order Runge-Kutta scheme) results and previous published research is shown to be quite agreeable. The temperature of Cu-water is found to be low in comparison with 2 3
INTRODUCTION
Increasing the coefficient of heat transfer is important for all industrial applications. Ultra-high-performance can be obtained by suspending ultrafine solid particles in a convectional fluid. The thermal conductivity of solid metals is larger than fluids; therefore suspending these particles can increase thermal conductivity and heat transfer performance. Several studies have been conducted this field as presented by Choi and Eastman (1995) experimentally and numerically (e.g., Rasidi et al., 2015; . Li and Xuan (2002) reported a 60% increment in convective heat transfer of fluid inside a channel filled with suspended nano-size copper particles with 3% volume fraction, compared to pure fluid. Based on our knowledge, Choi (1995) was the first person who experimentally verified that addition of nanoparticles to conventional base fluids enhanced thermal conductivity. Then other experimental results (e.g., Choi et al., 2001; Das et al., 2007) have also illustrated that thermal conductivity of these nanofluids can be increased considerably via the introduction of nanoparticles. Because of its fundamental importance in engineering systems, entropy generation encountered in flows inside a channel has been studied by many researchers (e.g., Chamkha, 1995; Teamah, 2008) .
Based on different scientific and practical applications in different industrial areas, the study of two-dimensional boundary layer flow, heat and mass transfer over a porous surface is quite important. The effect of viscous dissipation is to change the temperature distribution by acting like an energy source. The merit of the viscous dissipation effect depends on whether the plate is being cooled or heated. Apart from viscous dissipation in MHD flows, Joule dissipation also plays a role like a volumetric heat source. Heat transfer analysis of flow over a porous surface has received much practical interest with abundant applications. Specifically, heat-treated materials traveling between a feed roll and wind-up roll or materials manufactured by extrusion, glass-fiber and paper production, cooling of metallic sheets or electronic chips, crystal growing just to name a few. In these cases, the final desired characteristics depend on the rate of cooling in the process. To appreciate all these aspects, the present work deals with the effect of viscous and Joule dissipation on MHD flow of three different kinds of nanofluids, heat and mass transfer through a channel. Abdulla (2011) investigated theoretically and experimentally composite materials under the influence of thermal insulation. Reddy et al. (2009) , studied thermal diffusion and Joule heating effects with simultaneous thermal and mass diffusion in MHD mixed convection flow. Combined forced and free flow analysis in a vertical channel with viscous dissipation was studied by Barletta (1999) . Pandey and Kumar (2016) investigated the effects of viscous dissipation and suction/injection on MHD flow of a nanofluid past a wedge with convective surface in the appearance of slip flow and porous medium. Babu and Sandeep (2016) carried out a theoretical analysis to investigate free convective heat and mass transfer in three-dimensional MHD nanofluid flow over a stretching sheet in the presence of thermophoresis and Brownian motion effects. Joule heating in MHD flow through channels was investigated by Mao et al. (2008) . Pandey and Kumar (2017) examined the collective influence of thermal radiation and convection flow of Cu-water nanofluid due to a stretching cylinder in a porous medium along with viscous dissipation and slip boundary conditions. Animasaun and Sandeep (2016) investigated nanofluid flow in the presence of nonlinear thermal radiation, Lorentz force and space dependent internal heat source within thin boundary layer. Ravikumar et al. (2012) studied Couette MHD flow over a porous plate with heat transfer. A theoretical investigation of MHD fluid flow, heat and mass transfer with Brownian and thermophoresis effects, with variable magnetic fields was carried out by Raju et al. (2016) . Mixed convection inside a lid-driven cavity with heating was considered by Sumon et al. (2010) . Krishna et al. (2016) presented a numerical solution for heat and mass transfer in unsteady Powell-Eyring fluid flow over a plate with suction/injection effects. Also, the consequences of heat generation/absorption and suction/injection on MHD flow of Ag-water nanofluid past a stretching flat plat in a porous medium with Ohmic-viscous dissipation were identified by Upreti et al. (2017) .
Most scientific phenomena which have been modeled mathematically by governing equations such as Navier-Stokes problems are nonlinear. Explicit solution of these nonlinear equations is fundamentally important. Limited numbers of these problems have precise analytical solutions; usually these nonlinear equations should be solved using other methods. In recent decades, many efforts have been made to develop better methods to determine an analytical solution of these equations. One of the basic techniques is the differential transform method (DTM), which is based on Taylor series expansions. In 1986, Zhou (1986) employed the basic ideas of DTM for solving both linear and nonlinear problems in the field of electrical circuit problems. It gives exact values of the n th derivative of an analytical function at a point in terms of known and unknown boundary conditions in a fast manner. Chen and Ho (1999) developed this method for partial differential equations and Ayaz (2004) applied it to a system of ordinary differential equations. Jang et al. (2001) presented the twodimensional DTM for partial differential equations. Subsequently, this method was successfully applied to various application problems (e.g., Erfani et al., 2010; Basiriparsa et al., 2013) .
The purpose of the present paper is to solve the problem of MHD nanofluid flow through a channel with the permeable plates with hydrodynamic slip and convective boundary conditions by taking viscous dissipation and Joule heating into account. The governing equations are solved by analytical and numerical methods. Since this problem using a pure fluid instead of a nanofluid was solved numerically by Ibánez (2015) , his results are used as a comparison reference for our study. In our analytical solution, a final solution as a closed form solution is presented and the obtained results are verified numerically.
GENERAL GUIDELINES
An incompressible viscous nanofluid which is electrically conducting flows in a channel steadily and fully developed. The horizontal channel consists of two parallel permeable plates at a distance 2a apart. There is a constant longitudinal pressure gradient / ' dp dx and a uniform transverse magnetic field B0 perpendicular to the plates. The upper plate is located at y a   and the lower plate is at y a    with y  denoting the transversal coordinate. The parallel plates are assumed to be infinite; therefore the velocity and temperature profiles are fully developed. The fluid is injected uniformly into the channel from the lower plate and fluid suction occurs at the upper plate. There is convective heat exchange by hot fluid with temperature h T through the lower plate, while the upper plate is in contact with the ambient. It is assumed that the velocity profile satisfies the slip condition at the plates to solve the momentum balance equation, and the heat transfer equation is solved using third kind boundary conditions. The fluid is CMCwater-based with concentration (0.1-0.4%) containing three types of nanoparticles Cu, , TiO . Nanofluid flow is assumed to be laminar and the base fluid and the nanoparticles are in thermal equilibrium. The thermophysical properties of the nanofluid are displayed in Table 1 (e.g., Das et al., 2015) . A schematic view of the MHD channel with the permeable plates is shown in Fig. 1 .
Under the above assumptions, the governing equations of momentum and energy can be written (Das and Jana, 2014; Das et al., 2015; Vyas and Soni, 2016)
Fig. 1 Schematic of the problem and coordinate system.
Table 1
Thermophysical properties of the base fluid and the nanoparticles (e.g., Das et al., 2015) . Since the plates have different surface roughness, the slip lengths, although taken to be constant, do not have the same value on the upper and lower plates. Therefore, the boundary conditions are (Eegunjobi and Makinde, 2012; Chinyoka and Makinde, 2013) 1 1
Physical properties CMCwater Cu
where u is the fluid velocity along the x  direction, T is the temperature of the nanofluid, 0 v is the uniform suction/injection velocity at the channel plates and a is the half distance between the plates while 1  and 2
 are the slip lengths of the upper and lower plates, respectively, which in general, are assumed to be different. Also h T is the hot fluid temperature, a T is the ambient temperature, 
where  and s k the thermal conductivity of the nanoparticle. In the above equations, the subscripts , nf f and s denote the thermophysical properties of the nanofluid, base fluid and nano-solid particles, respectively. To obtain the non-dimensional form of the above system of ordinary differential equations, the following dimensionless variables are introduced (Das and Jana, 2014; Das et al., 2015) :
Replacing these dimensionless variables into Eqs. (1) and (2) results in the nonlinear ordinary differential equations,
After simplification Eqs. (6) and (7) become 2 2 1 2 2.5 2 1 0, (1 )
The boundary conditions become Bi Bi  , the channel is cooled symmetrically and heat is dissipated equally from the left and right plates. Also (1 ) ( ) , 
In this section the coupled system of nonlinear ordinary differential equations (9) is derived to model MHD nanofluid flow through a permeable wall channel in the presence of hydrodynamic slip and convective boundary condition. In the next section the DTM and numerical method (fourth-order Runge-Kutta scheme) are applied to solve this coupled system.
The shear stress, the rate of heat transfer and the rate of mass flux on the lower and upper plates can be written as 
The important parameters such as the skin coefficient friction ( ) f C and Nusselt number ( ) Nu are derived from substituting the dimensionless variables in Eqs. (11), for the lower and upper plates:
( 1) ,
(1) , 
ANALYTICAL APPROXIMATION BY DTM
Taking the differential transform of Eqs. (8) and (9), one obtains (for more details, see 
[ ( 1)( 1)( 1 ) (
,
. 
.. , 
COMPARISONS AND VERIFICATION
For a pure fluid (instead of a nanofluid) the present problem reduces to that of Ibánez (2015). In Figs. 2 
RESULTS AND DISCUSSION
Two different methods, DTM and numerical method are applied to the governing partial differential equations to derive semi-numerical solutions under appropriate boundary conditions. As can be seen in Figs. 2 Table 2 and effects of each of them on the velocity, temperature and Nusselt number will be checked, separately. Table 2 The main values of the governing parameters and their variation ranges. 
Range of changes

Basic quantity Parameter
2 1 2 M   2 1 M  magnetic parameter ( ) M 0.5 1 P   1 P  pressure gradient parameters ( ) P 0 0.7 S   0.5 S  suction parameter ( ) S 0.1 1 Ec   0.1 Ec  Eckert number ( )Ec
Effect of parameters on velocity profile
Analyses of magnetic and pressure gradient parameters for Cu-water nanofluid are presented in Fig. 4 . As can be seen in this figure, the main effect of the magnetic parameter, which gives an estimation of magnetic forces versus viscous forces, on the velocity profile is to make it flatter and decrease the velocity. By increasing in the pressure gradient, an increment in the velocity profile is observed. When the suction parameter increases, both the injection at lower plate and the suction at upper plate increase which causes the velocity profile to decrease and also causes this profile to skew towards the upper plate (see Fig. 5 ). Also, it is obvious that the velocity does not change with Eckert number , Ec because the Eckert number has no effect on the momentum equation. 1. Bi Bi   Fig. 6 presents the effect of increasing both slip lengths on the velocity profile. According to the boundary conditions, raising the velocity on each side of the channel due to its slip lengths is predictable. Also since the Biot number has no effect on the momentum equation, it is clear that the velocity does not change with Biot numbers (Fig. 7) . Fig. 8 shows the effect of nanoparticle volume fraction on velocity, for Cu-water. It can be seen that the dimensionless boundary layer velocity decreases by increasing the volume fraction due to loss of fluid flow inertia. Variations of fluid velocity for three types of waterbased nanofluids Cu-water, 2 3
Al O -water and 2 TiO -water are illustrated in Fig. 9 . Since the density of particles is not very different, the fluid velocity is almost the same. 
Effect of parameters on temperature profile
Fig. 10 depicts the effect of increasing both the magnetic and the pressure gradient parameters on the temperature profile. As the magnetic field becomes stronger, more work is executed by the fluid to overcome the drag force, so the fluid temperature ( ) y  increases. This accompanying work is then dissipated as thermal energy, heating the fluid and elevating the temperature. Therefore while the transverse magnetic field serves to decelerate fluid flow to achieve flow regulation, a counter-productive effect of heating the fluid is also caused and this requires smart use of magnetic fields so that desired material characteristics are achieved and excessive temperatures are not generated. With decreasing pressure gradient, the temperature of the system decreases, since the fluid friction decreases. Fig. 11 shows the effect of Eckert and suction parameters on the temperature profile. 
By increasing Ec , the temperature in the channel increases strongly due to viscous heating. The temperature also increases by increasing the suction parameter, mainly due to an increase in the injection of hot fluid at the lower porous plate. Fig. 12 depicts the effect of increasing both slip flows on the temperature profile. Generally, the temperature of the system increases with slip flow at the lower plate since fluid friction increases. Bi on fluid temperature. Fluid temperature decreases by increasing Biot number on each side. Biot number is the ratio of the hot fluid side convection resistance to the cold one of a surface. Thus, as Biot numbers increase, the surface temperature increases, since heat transfer to the surroundings is higher. 
When the volume fraction of nanoparticles increases, temperature of the fluid decreases which agrees with physical behavior namely when the volume of nanoparticles increases, the thermal conductivity and the rate of heat transfer increases and thus the average temperature will decrease. TiO -water , because copper has high thermal conductivity, thus the rate of heat transfer increases and the average temperature decreases.
The most important physical quantities, as far as the current research work is concerned are skin friction coefficient and Nusselt number. Their numerical values on the lower and upper plates are shown in the Tables 3 and 4 for several values of nanoparticles volume fraction ( )  and suction parameter ( ) S . It is seen from the Table 3 that the skin friction coefficient changes at the plates with an increase in volume fraction of Cu and 2 3
Al O nanoparticles are generally unclear and, of course, negligible. Also, the Nusselt number at the plates decreases with an increase in volume fraction of nanoparticles. Table 4 shows that the skin friction coefficient at the lower plate ( 1 ) y   decreases with an increase in suction parameter whereas it increases at the upper plate ( 1) y  . The Nusselt number at the lower plate decreases with an increase in suction parameter whereas it increases at the upper plate. It is evident from these two tables that the skin friction coefficient at the lower plate for 2 3
Al O -water nanofluid is greater than Cu -water nanofluid whereas at the upper plate, the result is reversed. In the case of the Nusselt number the results are not much different for 2 3
Al O -water and Cu -water. 
CONCLUSIONS
In this paper the problem of MHD nanofluid flow through a permeable wall channel with hydrodynamic slip and convective boundary conditions in the presence of viscous dissipation and Joule heating has been solved analytically and numerically. To verify the obtained results with those of previously published research, the special case of water as base fluid has also been considered. The results indicate the DTM agrees well with presented numerical results. The following can be concluded:  In general, by applying a magnetic field, the velocity in the channel decreases and temperature increases.

Increasing the suction parameter causes the velocity profile to decrease and also to skew toward the upper plate, whereas the temperature increases due to increment in injection of hot fluid at the lower permeable plate.  Increasing the Eckert number causes the fluid temperature to increase due to viscous heating.  Increasing the Biot number on each side of the channel causes the fluid temperature to decrease, because heat transfer to the surroundings is higher.
